Although the role of the 2-oxoglutarate dehydrogenase complex (2-OGDHC) has previously been demonstrated in plant heterotrophic tissues its role in photosynthetically active tissues remains poorly understood. By using a combination of metabolite and transcript profiles we here investigated the function of 2-OGDHC in leaves of Arabidopsis thaliana via use of specific phosphonate inhibitors of the enzyme. Incubation of leaf disks with the inhibitors revealed that they produced the anticipated effects on the in situ enzyme activity. In vitro experiments revealed that succinyl phosphonate (SP) and a carboxy ethyl ester of SP are slow-binding inhibitors of the 2-OGDHC. Our results indicate that the reduced respiration rates are associated with changes in the regulation of metabolic and signaling pathways leading to an imbalance in carbon-nitrogen metabolism and cell homeostasis. The inducible alteration of primary metabolism was associated with altered expression of genes belonging to networks of amino acids, plant respiration, and sugar metabolism. In addition, by using isothermal titration calorimetry we excluded the possibility that the changes in gene expression resulted from an effect on 2-oxoglutarate (2OG) binding to the carbon/ATP sensing protein PII. We also demonstrated that the 2OG degradation by the 2-oxoglutarate dehydrogenase strongly influences the distribution of intermediates of the tricarboxylic acid (TCA) cycle and the GABA shunt. Our results indicate that the TCA cycle activity is clearly working in a non-cyclic manner upon 2-OGDHC inhibition during the light period.
INTRODUCTION
The metabolic intermediate 2-oxoglutarate (2OG) sits at the juncture of the tricarboxylic acid (TCA) cycle and the nitrate assimilatory pathway as well as being proposed as an important signaling molecule in several species including Azotobacter vinelandii, Escherichia coli, and cyanobacteria (Little et al., 2000; Forchhammer, 2004; Jiang and Ninfa, 2009 ) and plants (Templeton and Moorhead, 2004; Uhrig et al., 2009 ). The level of 2OG is perceived by the evolutionarily conserved PII protein which was discovered over 40 years ago in E. coli and has subsequently been found in almost every bacterial and archaeal genome examined (Templeton and Moorhead, 2004) . PII was more recently discovered in plants (Hsieh et al., 1998; Smith et al., 2002; Moorhead and Smith, 2003) and is localized to the plastid. Plant PII function is highly conserved compared to its bacterial progenitor and binds ATP and 2OG in an analogous manner . Unlike E. coli or Synechococcus elongatus, however, the Arabidopsis thaliana PII appears to lack post-translational modification (Smith et al., 2004; Uhrig et al., 2009) . Given that ATP binding constants are well below endogenous plastidial levels and binding of 2OG is contingent upon a PII-ATP complex it has previously been suggested that plant PII must be a highly sensitive carbon sensor (Uhrig et al., 2009) . PII is regulated at the transcriptional level (Ferrario-Mery et al., 2005) and the intriguing observation was made that unlike in prokaryotes defined PII regulatory targets in plants are restricted merely to two proteins N -acetyl-l-glutamate kinase and heteromeric acetyl-CoA carboxylase (Feria Bourrellier et al., 2009; Baud et al., 2010; Bourrellier et al., 2010) . The regulatory circuits that control nitrogen metabolism are relatively well characterized in several bacterial model systems. However, much less is understood about how both the nitrogen and carbon status of the cell is perceived in vivo as well as the sensing and signaling systems that operate in illuminated leaves . Accordingly in illuminated leaves, TCA cycle decarboxylations can be reduced by 80% and the decarboxylation reaction of the pyruvate dehydrogenase is decreased by 30% when compared to dark respiration (Tcherkez et al., 2008) . It is possible that this activity is not sufficient to produce all 2OG needed for nitrogen www.frontiersin.org assimilation. However, in photosynthetic tissues, the activity of a complete TCA cycle appears to be reduced and a non-cyclic TCA pathway is likely more important in illuminated leaves due to the transport of organic acids out of the mitochondria (Tcherkez et al., 2009; Sweetlove et al., 2010) . Furthermore, although recent years have witnessed substantial research effort, the precise source of the 2OG necessary for glutamate and glutamine production particularly during nitrogen assimilation remains poorly understood (Bunik and Fernie, 2009 ). Nevertheless, compelling evidence has been provided to suggest that the operation of (at least a partial) TCA cycle in illuminated leaves is essential for the provision of 2OG (Hodges, 2002; Hodges et al., 2003; Dutilleul et al., 2005; Kolbe et al., 2006; Lemaitre et al., 2007) . In addition, the nitrogen assimilatory process has been documented to influence respiration during the light period (Cousins and Bloom, 2004; Guo et al., 2005; Foyer et al., 2011) . Additional evidence that perturbation of 2OG metabolism alters nitrogen metabolism have been provided by transgenic tomato (Solanum lycopersicum) lines with a minor inhibition of the cytosolic NADP-dependent isocitrate dehydrogenase which were characterized by an altered amino acid composition as well as a shift in cellular redox balance (Sulpice et al., 2010) . Furthermore, we have recently demonstrated, by the inhibition of the 2-oxoglutarate dehydrogenase reaction in potato tubers via application of a chemical inhibitor, that this enzyme play an important role in nitrate assimilation as well as in amino acid metabolism (Araújo et al., 2008) . Nevertheless its role in photosynthetically active tissues remains only poorly understood. Several efforts have been made in the last decade to identify and understand the components of the nitrogen signaling pathway. However, the mechanisms of nitrogen signaling of other organisms have not yet been extrapolated to plants (Vidal and Gutierrez, 2008) . That said, considerable advances in our understanding of the control of mitochondrial metabolism and its interactions with nitrogen metabolism and associated carbon/nitrogen interactions have occurred in recent years, particularly highlighting important roles in cellular redox homeostasis (Foyer et al., 2011) .
To reveal molecular mechanisms of the association between neuropathologies and 2-oxoglutarate dehydrogenase complex (2-OGDHC) function, Bunik et al. (2005) introduced specific inhibitors of 2-OGDHC, which have been successfully applied in recent years for cellular (Sá Santos et al., 2006; Bunik et al., 2009b; Kabysheva et al., 2009; Zündorf et al., 2009) , plant tissue (Araújo et al., 2008) , and animal (Graf et al., 2009; Trofimova et al., 2010) studies. Having the phosphonate residue instead of the leaving carboxyl group of 2OG, these synthetic inhibitors target the starting and rate-limiting E1o component of 2-oxoglutarate dehydrogenase complex in a highly specific manner, imitating the transition state of the E1o-catalyzed step (Bunik et al., 1992 . Hence, application of such phosphonate analogs of 2OG mimics the state following a decrease in 2-OGDHC activity.
Given that it is very difficult to compare wild-type and mutant phenotypes to understand the short-term events resulting from changes in enzyme activity in plants since mutants and wild types represent distinct steady states separated by an unknown series of events and exhibit pleiotropic effects that do not necessarily portray direct roles of such enzyme or specific responses to enzyme inhibitions we decided to study the short-term events associated with the chemical inhibition of the 2-OGDHC. In this study, we investigated the in situ function of the 2-OGDHC using these phosphonate analogs of 2OG to specifically inhibit the reaction within photosynthetically active cells. Combinatorial metabolite and transcript profiling were used to explore the alterations in primary metabolism and genome-wide gene expression programs of the illuminated leaf which are associated with the inhibition of 2-OGDHC. Our results revealed a positive association between 2OG metabolism and the GABA shunt cycle during the early time-course of inhibition. They also suggest that the metabolic perturbation resulting from the alteration of TCA cycle metabolism invokes the induction of expression of a specific set of genes associated with amino acid mobilization, as well as with those directly linked to alternative pathways of plant respiration. The consequences of this short-term inhibition were additionally monitored at the steady-state metabolite and flux levels, with the combined data discussed in the context of current models of the metabolic regulation of respiration and amino acid metabolism in the illuminated leaf.
MATERIALS AND METHODS

MATERIALS
All biochemicals, substrates, co-factors, and ion-exchange resins were from Sigma-Aldrich (Taufkirchen, Germany), with the exception of Lipoamide Dehydrogenase from Porcine Heart which was from Calzyme Laboratories (UK) Ltd. Radiochemicals were from Amersham International 1 . The phosphonate inhibitors were synthesized according to Bunik et al. (2005) , with their identity and purity proven by NMR spectroscopy.
PLANT MATERIAL
Arabidopsis thaliana plants used in this study were of the Columbia ecotype (Col-0). Plants were sown on standard greenhouse soil (Stender AG; Schermbeck, Germany) in plastic pots of a 0.1-L capacity. The trays containing the pots were placed under a 16/8 h day/night (22/16˚C) with 60/75% relative humidity and 180 μmol m −2 s −1 light intensity. The fully expanded 9th to 12th rosette leaves of 4-week-old plants were harvested for subsequent analysis. With the exception of enzyme assays and dark respiration measurements, all incubations in presence of inhibitors were done exactly in similar growth conditions in order to obtain a clear picture of changes in metabolism.
ENZYME ASSAYS
Enzymes were extracted exactly as described previously (Gibon et al., 2004 ) except that Triton X-100 was used at the concentration of 1% and glycerol at 20%. Enzymes were assayed exactly as described in the literature (Gibon et al., 2004; Nunes-Nesi et al., 2005; Studart-Guimarães et al., 2007) . Briefly, pyruvate dehydrogenase was assayed as described previously (Randall and Miernyk, 1990) , glutamate dehydrogenase as in Purnell et al. (2005) , aconitase as detailed in Carrari et al. (2003) , alcohol dehydrogenase as described previously (Chung and Ferl, 1999) , alanine amino transferase as in Rocha et al. (2010) , citrate synthase as in Gibon et al. (2004) , isocitrate dehydrogenase as in Jenner et al. (2001) , fumarase as in Nunes-Nesi et al. (2007a) , and malate dehydrogenase as in Nunes-Nesi et al. (2005) . The maximum activity of 2-oxoglutarate dehydrogenase was determined essentially as described previously (Araújo et al., 2008 ) with a few modifications. In brief, 2-oxoglutarate dehydrogenase activity was measured by determining NADH formation at 340 nm in a reaction medium containing 75 mM TES-KOH (pH 7.5), 0.05% (w/v) Triton X-100, 1.5 mM MgCl 2 , 2 mM NAD + , 0.12 mM lithium CoA, 0.2 mM TPP, 2.5 mM cysteine-HCl, 1 mM AMP, 2 mM sodium-2OG, and 5 units of lipoamide dehydrogenase. If not specified otherwise, the reaction was started by 2OG after the enzyme was preincubated in the reaction medium with or without inhibitors for 15 min. The initial linear part of the product accumulation curves (within 10 min of the reaction) was used to calculate the reaction rates.
METABOLIC PROFILING
Metabolite extraction was carried out exactly as described previously (Lisec et al., 2006) . As described above, leaf material were cut directly from an Arabidopsis plant, washed three times with 10 mM MES-KOH (pH 6.5), and then incubated (eight disks; 10 mm in diameter) in 2 mL of 10 mM MES-KOH buffer (pH 6.5) in a 100-mL Erlenmeyer flask shaken at 90 rpm in the absence or presence of 100 μM of SP or CESP at similar plant growth conditions. Leaves were sampled during the course of the experiment at the time points indicated in the text, washed briefly with 10 mM MES-KOH (pH 6.5) and immediately frozen in liquid nitrogen. The GC-MS system was comprised of a CTC CombiPAL autosampler, an Agilent 6890N gas chromatograph and a LECO Pegasus III TOF-MS running in EI+ mode. Metabolites were identified in comparison to database entries of authentic standards Schauer et al., 2005) . Metabolite profiling data are reported following recent recommendations .
The levels of starch were determined exactly as described previously (Fernie et al., 2001) . The levels of nitrate, total amino acids, and protein were measured as described previously (SienkiewiczPorzucek et al., 2008) , while NAD(H) and NADP(H) were determined as described by Schippers et al. (2008) .
MEASUREMENT OF REDISTRIBUTION OF STABLE ISOTOPE
The fate of 13 C-labeled glucose was traced following incubation (at similar light growth conditions) of leaf disks in 20 mM labeled substrate in 10 mM MES-KOH (pH 6.5) for 1, 2, and 4 h. Fractional enrichment of metabolite pools was determined and label redistribution was expressed exactly as described previously (Roessner-Tunali et al., 2004; Tieman et al., 2006) . From the above analysis and for sake of simplicity we decided to show only the 4 h incubation period since the majority of pools were still into a linear phase of labeling, as previously demonstrated (Roessner-Tunali et al., 2004) .
RESPIRATION MEASUREMENTS
Dark respiration was measured in an oxygen electrode following the protocol detailed previously (Geigenberger et al., 2000) .
TRANSCRIPT PROFILING
Transcript profiling was performed using the Arabidopsis Affymetrix ATH1 array as previously described (Redman et al., 2004) . Three independent hybridizations were performed for each treatment (control samples and SP-treated samples). Data were processed using Robin software (Lohse et al., 2010) and are displayed following visualization in MapMan or PageMan (Usadel et al., 2006) .
CLONING AND OVEREXPRESSION OF A. THALIANA PII
The high-level expression vector encoding the A. thaliana PII gene product (GLB1) minus the transit peptide region was constructed and recombinant A. thaliana PII minus the transit peptide (H6PII-tp) was purified as described in Smith et al. (2002) . The concentration of H6PII-tp was determined spectrophotometrically by the method described previously (Sienkiewicz-Porzucek et al., 2008) using BSA as a standard.
MICROCALORIMETRIC DETERMINATION OF A. THALIANA PII-LIGAND BINDING CONSTANTS
The binding of metabolites to the recombinant protein H6PII-tp was measured by isothermal titration calorimetry (ITC) using a VP-isothermal titration calorimeter from MicroCal, Inc. (Northampton, MA, USA). All titrations were performed at 28˚C using a 0.298-μL injection syringe while stirring at 430 rpm exactly as described previously . All chemicals used were of the highest available grade and purchased from SigmaAldrich (Oakville, ON, Canada), except for the adenine nucleotides and 2OG, which were from Roche (Laval, QC, Canada). Heats of dilution isotherms for each experiment were collected in a blank run under conditions corresponding to the experimental run, except with the absence of protein. The ligand heat of dilution was selected as the blank run, since it was larger than the heat of dilution of the protein sample in all cases. The calorimetric data were analyzed using the Origin software, Version 5.0 (MicroCal). The dilution heats from the blank run were subtracted from the experimental calorimetric data using the Origin programs. The independent variables, the association binding constant K a , and the heat of binding ΔH, were generated from the software by de-convoluting and curve-fitting the binding data using standard methods (Origin User's Manual Version 5). The dependent variables, the dissociation constants (K d = 1/K a ), Gibbs free energy changes (ΔG = −RT ln K a ), and entropy changes (ΔS = ΔH /T -ΔG/T ), were calculated using ΔH and K a values.
STATISTICAL ANALYSIS
Where two observations are described in the text as different, this means that they were determined to be statistically different (P < 0.05) by the performance of Student's t -tests.
RESULTS
THE INHIBITORY EFFECTS OF PHOSPHONATE ANALOGS OF 2OG ON THE IN VITRO ACTIVITY OF THE ARABIDOPSIS 2-OXOGLUTARATE DEHYDROGENASE COMPLEX
We have previously demonstrated that the phosphonate analogs succinylphosphonate (SP) and carboxy ethyl ester of SP (CESP) inhibited the 2-OGDHC activity markedly in a concentrationdependent manner, whereas the phosphono ethyl ester of SP (PESP) and triethyl ester of SP (TESP) gave less efficient inhibition in plant tissues (Araújo et al., 2008) which is a common feature of www.frontiersin.org the inhibition, observed also in animal tissues (Bunik et al., 1992 (Bunik et al., , 2009a . On the basis of these experiments we decided to concentrate our studies in illuminated leaf using the former two analogs. Following the protocol of Millar et al. (1999) we assayed the 2-OGDHC activity in crude extracts from A. thaliana leaf material in the presence of varying concentrations (50-100 μM) of the inhibitors SP and CESP. These experiments revealed a similar pattern of inhibition with an almost complete inhibition of the 2-OGDHC with the addition of 100 μM of inhibitors ( Figure A1 in Appendix). It is important to note that the activity determined in leaf material is only around 10-20% of that observed in potato tubers (Araújo et al., 2008) , however, this is consistent with other studies on photosynthetic and heterotrophic tissues (Hanning and Heldt, 1993; van der Merwe et al., 2010) , reflecting a lower content of mitochondria in such tissues compared to heterotrophic ones. The fact that the above in vitro studies revealed that SP and CESP were potent inhibitors of the 2-OGDHC activity suggests that they have the potential to be valuable tools for studying the metabolic impact of the function of this enzyme in folio. We next performed feeding experiments in which leaf disks were incubated in similar light growth conditions (see Materials and Methods) in the presence or absence of 100 μM SP or CESP over a period of 4 h to evaluate whether we could effectively apply inhibitors to this tissue. For this purpose, we used disks isolated from 4-week-old A. thaliana Col-0 plants. Leaf disks were incubated in similar light growth conditions (see Materials and Methods), sampled, rapidly washed, and snap frozen at time points during their incubation in phosphonate-supplemented medium, and the effect of the inhibitors was assessed by measuring the activity of the 2-OGDHC in extracts of these samples. These studies revealed that incubation of the disks with either SP or CESP effectively decreased the activity of the 2-OGDHC. After 1 h, the activity in the SP-fed disks was half of the control (2.63 nmol min −1 g −1 ) activity ( Figure 1A ), while that in CESP-fed disks was reduced to approximately 60% of the control level ( Figure 1A) ; after 4 h both inhibitors lead to a decrease in activity to near 10% of control levels.
In order to estimate the impact of the inhibition of the 2-OGDHC on the physiology of the plant, we assayed the rate of dark respiration. For this end we incubated leaf disks in an oxygen electrode in the presence and absence of the inhibitors. The inhibitors decreased respiration rate over the entire observation period. However, following 1 h of incubation both the 2-OGDHC activity ( Figure 1A ) and respiration ( Figure 1B) showed about 50% reduction. In contrast, after 4 h of incubation the respiration decrease was much less pronounced (approximating 30%), compared to the 2-OGDHC inhibition (about 80%), suggesting an induction of compensatory mechanisms in response to the 2-OGDHC inhibition.
Having established the inhibitory effects of these phosphonate analogs on the in vitro and in situ activity of the 2-OGDHC, we next performed a broader screen of enzymes associated with the TCA cycle in order to evaluate if the inhibitors affected other enzymes of this pathway. We chose to evaluate the effect of high concentrations (100 μM) of the inhibitors on activities of the mitochondrial enzymes transforming organic acids that are structural analogs of 2OG: namely aconitase, alanine amino transferase, FIGURE 1 | Inhibition of the 2-oxoglutarate dehydrogenase complex activity by SP and CESP. (A) Incubation of leaf disks with phosphonate analogs inhibit the activity of the 2-OGDHC. Arabidopsis thaliana leaf disks were incubated in 10 mM MES-KOH (pH 6.5) with 100 μM SP (white circle) or CESP (black triangle) for up to 4 h in similar light growth conditions. The control (black circles) was incubated in the absence of inhibitor. At the times indicated, the leaf disks were washed with 10 mM MES-KOH (pH 6.5) to remove excess inhibitors and then homogenized. 2-OGDHC activity of the extracts was measured in the standard assay medium without the inhibitors. Each value is the mean ± SE of six biological replicates. (B) Respiration of leaf disks incubated in the absence (black bars) or presence of 100 μM SP (gray bars) or CESP (dark gray bars). Freshly prepared leaf disks were transferred into the temperature controlled measuring chamber of an oxygen electrode containing 1 mL of 10 mM MES-KOH, pH 6.5. Each determination was performed in six biological replicates, and data presented are means ± SE of these replicates. The asterisks demarcate values that were judged to be significantly different from the control (P < 0.05) following the performance of Student's t -tests. FW, fresh weight. alcohol dehydrogenase, citrate synthase, fumarase, isocitrate dehydrogenase, malate dehydrogenase, pyruvate dehydrogenase complex, pyruvate kinase, and succinyl-CoA ligase, as well as the important enzymes of nitrate metabolism nitrate reductase, glutamine synthetase (GS), glutamate synthase (Fd-GOGAT), and glutamate dehydrogenase. Neither SP nor CESP affected the activities of any of these enzymes ( Table 1) . We additionally assayed all of the enzymes in the absence of their described substrates to verify that they were incapable of utilizing either of the phosphonate analogs Frontiers in Plant Science | Plant Physiology as a substrate. In no instance was a significant transformation of the phosphonate detected (data not shown).
CONSEQUENCES OF INHIBITION OF THE 2-OXOGLUTARATE DEHYDROGENASE COMPLEX ON METABOLISM IN THE ILLUMINATED LEAF
Given the considerable changes in respiration rates (Figure 1 ) and the recognized link between mitochondrial metabolism and associated carbon/nitrogen interactions (Foyer et al., 2011) we next analyzed the content of total protein and amino acid levels as well as starch, nitrate, malate, and fumarate following incubation of leaf disks in the presence of the inhibitors in exactly similar light growth conditions (Figure 2) . The presence of inhibitor had similar consequences at each time point evaluated, so for the sake of simplicity we only present the data obtained from the 4-h treatment. Whilst the levels of amino acids and nitrate were significantly increased in the presence of increasing concentrations of both inhibitors (Figures 2C,D) , the levels of protein, malate, and fumarate were significantly reduced (Figures 2A,E, F) . Given that the levels of nitrate increased during the treatment, it seems likely that nitrate is taken up from the incubation medium, since MES buffer is a rich source of nitrate (Araújo et al., 2008) . The starch content was unchanged following 2 h inhibitor incubation ( Figure 2B ).
Since the oxidative decarboxylation of 2OG to succinyl-CoA catalyzed by the 2-oxoglutarate dehydrogenase also results in the production of reduced coenzyme NADH, it might be expected that inhibition in the activity of this enzyme would also affect the redox poise of the illuminated leaf. We therefore assayed the levels of pyridine dinucleotides in the phosphonate analog treated samples following incubation of leave disks in exactly similar growth conditions (Figure 3) . Again the presence of inhibitor had similar consequences at each time point evaluated, so for the sake of simplicity we only present the data obtained from the 4-h treatment. Interestingly, whilst both NADH and NADPH remained constant (Figures 3A,D) , NAD + and NADP + levels were significantly higher following the inhibition of the 2-OGDHC (Figures 3B,E) . As a result, a trend toward a decrease in both the NADH/NAD + and NADPH/NADP + ratios, in a concentration-dependent manner, was observed (Figures 3C,F) In order to obtain a clearer picture of the changes in the primary metabolism we next utilized a gas chromatography-mass spectrometry (GC-MS)-based metabolic profiling method Lisec et al., 2006) to quantify the relative metabolite levels following incubation in buffer in the presence or absence of 100 μM SP or CESP for 2 or 4 h under the exact same growth conditions. The data obtained are displayed in false color in the heat map of Figure 4 in order to provide an easy overview (the full data set is additionally available as Table A1 in Appendix). From this display, it is noticeable that there were changes in the levels of metabolites even in the absence of inhibitor. However, these were relatively minor and very few of these changes were statistically significant. The changes in metabolite profiles were, by and large, qualitatively and quantitatively similar between the inhibitors, which is in good accordance with the similar level of enzyme inhibition displayed by the phosphonates (Figure A1 in Appendix). Furthermore, inhibition of the 2-OGDHC activity is evident from the fact that 2OG was significantly elevated at all time points following incubation with SP or CESP. We observed large increases in glutamate and alanine (more than two and fourfold, respectively) and the significant increase in γ-aminobutyrate (GABA). Within the TCA cycle, the levels of the intermediates pyruvate, citrate, isocitrate, and aconitate were generally increased, whereas the levels of fumarate and malate were reduced (Figure 2) indicating a new steady-state of the flux through the TCA cycle with the inhibition of 2-oxoglutarate dehydrogenase and suggesting that the TCA cycle is working in a non-cyclic manner . Interestingly the levels of succinate were also reduced after inhibition of the 2-OGDHC, albeit only statistically significant following 4-h incubation. This corresponds to the observed increase in respiration (Figure 1) , with both findings consistent with a possible compensatory upregulation of other pathways of succinate production, and an increased control of the respiration beyond the 2-oxoglutarate dehydrogenase. Some amino acids were decreased most notably those derived from 2OG (proline and glutamine) but the pyruvate-derived alanine was strongly increased. Surprisingly the oxaloacetate-derived amino acids homoserine, threonine, and methionine were generally unaltered as were the 3-phosphoglycerate-derived serine and glycine. By contrast, tryptophan, asparagine, and the branchedchain amino acids isoleucine, lysine, and valine were significantly decreased. Furthermore the levels of the sugars (fructose, glucose, and sucrose) were significantly reduced following incubation with the phosphonate analogs (Figure 4) . Another change of note in www.frontiersin.org the metabolite profile was the significant increase in the levels of the polyamine spermidine following 4-h incubation. Intriguingly, the most prominent changes in the data set were observed for the levels of alanine, which increased more than fourfold following incubation in both SP and CESP, most likely reflecting an increased anaerobic fermentation in the treated samples.
In order to provide corroborative evidence for some of the changes highlighted above, we performed one further experiment. Namely, in order to gain further evidence for an augmentation of anaerobic fermentation in treated samples we measured the activity of two enzymes (alanine amino transferase and alcohol dehydrogenase) known to be directly involved in fermentation following incubation for up to 4 h in the phosphonate analogs. In contrast to the suggestion observed with our metabolite profile, following incubation with both inhibitors, the maximal catalytic activities of these two enzymes were not different than that of the control (Table A2 in Appendix) suggesting that these changes were the metabolic consequence of inhibiting the 2-OGDHC rather than a direct effect of the phosphonate analogs on the fermentative enzymes themselves.
THE INHIBITION OF THE 2-OXOGLUTARATE DEHYDROGENASE IS ASSOCIATED WITH THE UP REGULATION OF ALTERNATIVE RESPIRATORY PATHWAYS
In order to provide corroborative evidence for some of the changes highlighted above, we assessed the fermentative and GABA shunt fluxes by following the metabolic fate of 13 C-labeled glucose and evaluated the redistribution of 13 C to TCA cycle, GABA shunt, and photorespiratory pathways after 4 h incubation in similar growth conditions in presence or absence of SP and CESP. The changes in isotope redistribution profiles were, by and large, qualitatively and quantitatively similar between the inhibitors. Not surprisingly the isotope redistribution to 2OG was significantly increased with both inhibitors as well as that of glutamate and GABA while a reduced redistribution was observed for glutamine, confirming an up regulation of the GABA shunt in treated samples ( Table 2 ). Given that the GABA shunt can bypass the reaction catalyzed by succinyl-CoA ligase and sustain succinate provision to the TCA cycle we would expected no impact on the metabolites of the second part of the TCA cycle. Intriguingly, however, the label redistribution to malate and fumarate was consistently reduced in the Frontiers in Plant Science | Plant Physiology presence of the inhibitors (Table 2) indicating that the up regulation of the GABA shunt was not enough to rescue the TCA cycle function at normal levels. Interestingly, a reduced redistribution to branched-chain amino acids, lysine, and valine, was also observed, perhaps indicative of an increased usage of these amino acids as alternative respiratory substrates . Taken together, these data and the respiration measurements described above indicates that following 2-OGDHC inhibition a metabolic rearrangement is reconstructed generating clear imbalance of the TCA cycle coupled with an up regulation of the GABA shunt.
INFLUENCE OF THE INHIBITION OF THE 2-OXOGLUTARATE DEHYDROGENASE COMPLEX ON GENE EXPRESSION
We were also interested in studying the impact of the 2-OGDHC inhibition in a broader context which also includes alterations of gene expression. For this purpose, we performed microarray analysis of samples incubated for 4 h in similar growth conditions in presence and absence of SP using Affymetrix ATH1 chips. The entire dataset of this microarray analysis is provided in Data Set S1 in Supplementary Material. ANOVA of the microarray results indicated that the expression of 76 genes showed a significant and at least 1.5-fold change between SP treated and control samples, with detection P-value of a false discovery rate <0.005 in all replicates (Tables A3 and A4 in Appendix). We further identified the genes that were consistently up-regulated (33 , Table A3 in Appendix) and down regulated (43 ; Table A4 in Appendix) across all samples and subjected them to overrepresentation analysis using the tools embedded in the MapMan software tools 2 . The major effects of the phosphonate treatment included the significant repression of the expression of 43 genes belonging to functional categories associated with anabolic processes (Table A4 in Appendix and Figure 5 ). Among these we observed (i) genes associated with protein synthesis (including genes encoding ribosomal proteins and genes encoding transcription factors); (ii) genes encoding enzymes associated with amino acid metabolism, from which genes interestingly belong to the branched-chain amino acid FIGURE 4 | Heat map representing the changes in relative metabolite contents of treated and control Arabidopsis leaf disks. Leaf disks were cut directly from 4-week-old plants, washed three times with 10 mM MES-KOH (pH 6.5), and then incubated during up to 4 h in 10 mM MES-KOH buffer (pH 6.5) containing 2.0 mM glucose and 100 μM of SP or CESP. Metabolites were determined as described in the Section "Materials and Methods." Data are normalized with respect to the mean response calculated for the control at 2 h. The full data sets from these metabolic profiling studies are available as Table A1 in Appendix including statistical treatment. Green and red represent a decrease and an increase of metabolite content, respectively, in the SP-treated samples with respect to the control samples. The color scale used is reproduced in the Figure. Frontiers in Plant Science | Plant Physiology metabolism (AT1G10070, branched-chain amino acid transaminases; AT3G45300, isovaleryl CoA dehydrogenase; AT4G33150, saccharopine dehydrogenase); (iii) genes encoding enzymes associated with nitrogen metabolism (AT2G38400, AGT3; alanine glyoxylate aminotransferase; At5g18170, GDH1, glutamate dehydrogenase; At5g07440, GDH2, glutamate dehydrogenase); (iv) two methyl transferase genes; and (v) genes associated with RNA processing. Among the genes that were up-regulated (Table A3 in Appendix) changes were observed in chloroplast ribosomal proteins which might be associated to perturbed protein synthesis, adenylosuccinate lyase, an enzyme of the purine nucleotide cycle in which fumarate is generated from aspartate (Siehl et al., 1996) most likely in order to increase or maintain the concentration of TCA cycle intermediates. Since we previously documented that inhibition of the TCA cycle have a direct and immediate effect on cell wall biosynthesis (Araújo et al., 2008; Sweetlove et al., 2010; van der Merwe et al., 2010) we also looked whether changes in 2OG metabolism were associated with alteration in the expression pattern of genes involved in cell wall metabolism and only a significant up regulation of XTR6 (Xyloglucan endotransglycosylase 6) was observed. In addition to the repression of expression of genes associated with the above processes, the SP treatment also seems to have mixed effects (induction/repression) on small sets of genes involved in several metabolic processes as well as those associated with RNA transcription and processing, post-translational modifications, and protein turnover (Figure 5 ; Tables A3 and A4, Figure A2 in Appendix).
THE PRESENCE OF PHOSPHONATE ANALOGS DOES NOT COMPROMISE THE BINDING OF 2OG TO THE PUTATIVE REGULATORY PII PROTEIN
Due to the fundamental role of the bacterial PII as an allosteric sensor and coordinator of responses to carbon and nitrogen levels and in light of the multiple changes in gene expression following the 2-OGDHC inhibitor incubation we chose to investigate whether the phosphonate analogs are also able to affect the binding of PII to 2OG. The binding of the phosphonates to recombinant PII was determined by measuring the heat flow (μcal s −1 ) as a function of time, using ITC. 2OG is an effector molecule that binds to PII and is suggested to mediate signaling of carbon status in the chloroplast Ninfa and Jiang, 2005) . Additionally it has been demonstrated that 2OG binds PII only when the ATP binding site in PII is occupied by ATP . The binding of 2OG to PII was observed exactly as previously described , however, the addition of either SP or CESP did not affect the thermodynamic parameters of this ligation (Figure 6 ; Table 3 ). Nevertheless, in the absence of 2OG no binding of ATP to the Arabidopsis PII could be detected in the presence of the inhibitors ( Figure 6C ) suggesting that the phosphonates neither inhibited the 2OG binding to PII protein, nor bound to the PII binding site in the absence of 2OG. This implies that the observed changes in gene expression observed occurred most likely independently of the action of PII.
DISCUSSION
Here we used phosphonate inhibitors of 2-OGDHC to inducibly alter the metabolic flux of 2OG degradation in order to investigate both the role of 2OG degradation within primary metabolism and genome-wide transcriptional programs in a short-term response in the illuminated leaf. We were able to demonstrate that these analogs neither affected the expression or activities of a wide range of TCA cycle enzymes (Table 1 ) nor the binding of 2OG to PII (Figure 6 ; Table 3) suggesting that they are highly appropriate to address the role of 2-OGDHC also in the illuminated leaf. A number of studies have pointed toward an essential role of the 2-OGDHC reaction in overall cellular metabolic activity (for a review see Bunik and Fernie, 2009 ). Additionally we have previously, via use of the same specific chemical inhibitors used here, demonstrated that 2-OGDHC is limiting for respiration and plays an important role in nitrogen assimilation in potato tubers (Araújo et al., 2008) . Interestingly, the metabolic perturbation following its inhibition in heterotrophic plant tissues is similar to that observed in species of other kingdoms (Bunik and Fernie, 2009) . Additional evidence that perturbation of 2OG metabolism alters nitrogen metabolism have been provided by showing that transgenic tomato (Solanum lycopersicum) lines with a minor inhibition of the cytosolic NADP-dependent isocitrate dehydrogenase were characterized by an altered leaf nitrate and amino acid composition (Sulpice et al., 2010) . Our current knowledge indicates that plants possess an intricate regulatory machinery that coordinates the capacity of nitrogen www.frontiersin.org FIGURE 5 | Overview of the MapMan visualization of differences in transcript levels between control samples and SP-treated samples. Genes associated with metabolic pathways were analyzed by the MapMan software (http://mapman.gabipd.org/web/guest/mapman). Blue and red represent a decrease and an increase of expression, respectively, in the SP-treated samples with respect to the control samples. The color scale used is reproduced in the Figure. Fully expanded leaves of 4-week-old plants were harvested at the middle of the light period, washed three times with 10 mM MES-KOH (pH 6.5), and then incubated in presence or absence of 100 μM of SP during 4 h in 10 mM MES-KOH buffer (pH 6.5) containing 2.0 mM glucose. 
2OG
PII: ATP 110.7 ± 3.4 −10.5 ± 0.3 −6.8 ± 0.4 −3.6 ± 0.9 PII: ATP + SP 105.5 ± 2.7 −9.9 ± 0.4 −5.9 ± 0.3 −4.1 ± 1.3 PII: ATP + CESP 114.1 ± 3.2 −10.7 ± 0.2 −7.1 ± 0.6 −3.7 ± 1.5 assimilation with carbon metabolism, nutrient availability, and other environmental factors linking the demands needed for plant growth and development . The accumulation of 2OG in leaves, which occurs as a consequence of the chemical blockage of 2-OGDHC, not only leads to significant shifts in the levels of glutamate and GABA, but also affects the pool of other amino acids (Figure 4 ; Table A1 in Appendix). This finding is broadly similar to that observed in potato tubers and
Frontiers in Plant Science | Plant Physiology The lower panel shows the experimental data for the titration of PII plotted in the derivative format, i.e., the binding isotherm, and the best fit curve.
is highly consistent with results from other studies suggesting that the diverse pathways of amino acid metabolism are highly interconnected (Less and Galili, 2008; Gu et al., 2010; Angelovici et al., 2011) . The results presented here also indicate an upregulation of the GABA shunt, as previously observed in SP-treated potato tubers (Araújo et al., 2008) and neurons (Sá Santos et al., 2006) as well as upon the inhibition of the reaction catalyzed by succinyl-CoA ligase (Studart-Guimarães et al., 2007) . Interestingly the chemical inhibition of the 2-OGDHC is associated with a down regulation of alternative respiratory pathways such as the involvement of branched-chain amino acids. The levels of branched-chain amino acids were strongly reduced (Figure 4) and this was associated with a down regulation of a set of genes associated with their degradation (Table 3) . Whilst the mechanism behind such response is currently unclear it is tempting to speculate that one (or more) breakdown compounds generated during the catabolism of branched-chain amino acids might be responsible for this feedback regulation. Here we provide evidence that the inhibition of the 2-OGDHC leads to alteration in respiratory and nitrogen metabolism despite being characterized by a compensatory increased flux of the GABA shunt to maintain operation of the TCA cycle. This finding, when taken together with those from previous studies, highlights the metabolic importance of the GABA shunt in plants (Fait et al., 2008) and is similar to findings following neuronal 2-OGDHC inhibition (Sá Santos et al., 2006; Shi et al., 2009 ). Interestingly, GABA-transaminase activity appears to be the limiting step under stress conditions, resulting in the accumulation of GABA, which could in turn be used to rapidly generate succinate and energy via the TCA cycle upon removal of the stress (Simpson et al., 2010; Shelp et al., 2012) . It is important to mention that the increase in both NAD + and NADP + levels upon 2-OGDHC inhibition (Figure 3 ) is in accordance with the key role these coenzymes plays in cellular redox reactions, including those of the TCA cycle (Schippers et al., 2008) . In good agreement with previous studies our results also demonstrated that alterations in NAD + /NADH ratios (Figure 3) , as observed here, were coupled with dramatic consequences on cellular metabolism (Dutilleul et al., 2005; Shen et al., 2006; Schippers et al., 2008) . Several recent studies have revealed that plants, like mammals, contain an alternative route of electron provision to the mitochondrial electron transport chain mediated by the Electron Transfer Flavoprotein (ETF) complex (Ishizaki et al., 2005 (Ishizaki et al., , 2006 . Branched-chain amino acid catabolism feeds into this pathway directly via the reactions catalyzed by isovaleryl dehydrogenase and 2-d-hydroxyglutarate dehydrogenase as well as indirectly by fueling the TCA cycle (Engqvist et al., 2009; Araújo et al., 2010 Araújo et al., , 2011 Araújo et al., , 2012 . Whilst these pathways are particularly prominent during dark-induced senescence , recent evidence suggests that they also operate in the dark-period of a normal light-dark cycle in the photosynthetic tissue of Arabidopsis (Caldana et al., 2011; Engqvist et al., 2011) . In a similar vein, reduction of branched-chain amino acid catabolism in tomato results in an approximately 20% reduction in the rate of respiration in young fruits (Kochevenko et al., 2012) . The fact that reduced expression of genes associated with these pathways results in reduced levels of branched-chain amino acids suggests that at least under certain conditions this pathway may also contribute to respiration in the illuminated leaf. However, the signal(s) which regulate(s) the expression of this alternative pathway is/are currently unknown. Moreover, the upregulation of these alternative pathways was not sufficient to entirely compensate for the lack of 2-OGDHC, highlighting its importance for maintenance of respiration.
The observation that a blockage in the reaction catalyzed by 2-OGDHC results in considerable changes in the expression of www.frontiersin.org certain sets of genes ( Figure 5 ; Table 3; Table A3 , Figure A2 in Appendix) is highly intriguing particularly in light of the fact that we were able to demonstrate that this was not a direct consequence of an effect on the PII sensor protein (Figure 6; Table 3 ). In fact in higher plants the role of the PII protein remains much less clear than in prokaryotic organisms where it is a crucial integrator of cellular carbon, nitrogen, and energy levels (Uhrig et al., 2009) . Several recent reports have suggested that plant mitochondria are part of signaling pathways known as mitochondrial retrograde regulation (MRR) pathway and participate in the response to oxidative stress (Alhagdow et al., 2007; Rhoads and Subbaiah, 2007; Sweetlove et al., 2007; Møller and Sweetlove, 2010) . Whilst mitochondrial derived 2OG would, at least in theory, represent a good candidate signal, being downstream of the aconitase reaction which is a known to be particularly susceptible to oxidative stress (Lehmann et al., 2009 ), 2OG can also be produced in the cytosol. However, in blocking its consumption in the mitochondrion in our study, the primary accumulation of 2OG will most likely take place in the mitochondria.
Intriguingly, studying genes regarded as hallmarks of MRR including those involved in the response to dysfunctional mitochondrial function such as AOX and alternative NAD(P)H dehydrogenases as well as glutathione reductase, catalases, ascorbate peroxidases, and superoxide dismutases revealed that these were not affected following incubation in the phosphonate analogs. As mentioned above this manipulation did however (or did additionally) result in a co-ordinate regulation of many aspects of protein synthesis, amino acid metabolism, and nitrogen metabolism all of which would be anticipated to participate in the observed shifting of the cellular carbon:nitrogen balance as well as an increase in genes associated with RNA processing which indicates a highly complex integration of nitrogen metabolism and protein synthesis in the illuminated leaf . When taken together these changes are highly consistent with what would be expected at a global level following restriction in energy metabolism. They are, however, quite dramatic when considered alongside the current debate as to the relative activity of respiration in the illuminated leaf (Tcherkez et al., 2005 (Tcherkez et al., , 2008 (Tcherkez et al., , 2009 (Tcherkez et al., , 2011 Nunes-Nesi et al., 2007b . Thus, while some studies indicate an almost complete inhibition of the TCA cycle in illuminated leaves (Tcherkez et al., 2005 (Tcherkez et al., , 2008 , others suggest significant operation of the TCA cycle in the light (NunesNesi et al., 2007b) . However, an inhibition of nearly 30% for the decarboxylation reaction catalyzed by the pyruvate dehydrogenase in the light compared with darkness was recently estimated (Tcherkez et al., 2009 ). The TCA cycle has completely different flux modes between light and dark respirations , and is therefore likely to have a very different regulation during these two periods. One possible explanation is that the non-cyclic TCA might be operating in situations of 2-OGDHC inhibition in order to support the need of 2OG for nitrogen assimilation. Our results indicate that the TCA cycle activity is clearly working in a non-cyclic manner upon 2-OGDHC inhibition during the light period. This result is in good agreement with a recent report demonstrating that the 2-OGDHC activity is strongly inhibited in the light being more effectively involved in the remobilization of night-stored molecules and therefore most likely responsible for providing 2OG for glutamate synthesis in illuminated leaves (Gauthier et al., 2010) . That said it is clear that the inhibition of mitochondrial consumption of 2OG results in a distinct reprogramming of gene expression and many further experiments will be required to elucidate the exact mechanism(s) by which this is achieved. Intriguingly, when transcripts encoding the two enzymes thus far characterized to be under the control of PII in plants -N -acetyl-l-glutamate kinase and heteromeric acetyl-CoA carboxylase (Feria Bourrellier et al., 2009; Baud et al., 2010; Bourrellier et al., 2010) are examined no differences were observed suggesting that their expression is not affected by PII following the inhibition of 2-OGDHC.
In summary, from our current study we can state that the inhibition of 2-OGDHC results in rapid changes both in gene expression and cellular metabolism. Despite the upregulation of several compensatory processes the effect of this inhibition could not be fully reversed and is in keeping with our hypothesis that this step harbors the most considerable portion of the metabolic control vested in the TCA cycle . In addition, the fact that inhibiting the consumption of 2OG within the mitochondria resulted in reprogramming of gene expression suggests that a downstream metabolite thereof may act as an important signal metabolite which is capable of regulating the expression of multiple nuclear genes. The ITC experiments conducted here allow us to rule out a direct effect of the analogs on the putative regulatory PII proteins in regulating this function. Whilst the precise nature of the interaction between mitochondrially derived 2OG and changes in nuclear gene expression could not be fully resolved in this study it remains an exciting topic for future research.
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